The lowest v = 0 level of the A 1 Π state of the 13 C 16 O isotopologue of carbon monoxide has been reinvestigated with a variety of high resolution spectroscopic techniques. The A 1 Π−X 1 Σ + (0, 0) band has been studied by vacuum-ultraviolet Fourier-transform absorption spectroscopy, using the SOLEIL synchrotron as a radiation source. Spectra were obtained under quasi-static gas conditions at liquid-nitrogen temperature, room temperature and at an elevated temperature of 900 K, with absolute accuracies of 0.01−0.03 cm −1 . Two-photon Doppler-free laser spectroscopy has been applied to a limited number of transitions in the A 1 Π−X 1 Σ + (0, 0) band, under collision-free circumstances of a molecular beam, yielding an absolute accuracy of 0.002 cm −1 . The third technique is high-resolution Fourier-transform emission spectroscopy in the visible region applied to the B 1 Σ + −A 1 Π(0, 0) band in a gas discharge, at an absolute accuracy of up to 0.003 cm −1 . With these methods rotational levels of A 1 Π (0) could be studied in both parity components up to a rotational quantum number of J = 46. The frequencies of 397 transitions were used to analyse the perturbations between the A 1 Π(0) level by vibrational levels of the D 1 ∆, e 3 Σ − , d 3 ∆, and a ′3 Σ + states.
Introduction
Spectroscopy of the carbon monoxide molecule remains of interest, in large part, because of its role as the prime tracer of astrophysical molecular gas in interstellar clouds [1] , circumstellar material [2] , entire galaxies [3] , at very high redshifts [4] and in gamma-ray bursts [5] . Astronomical CO has also been observed in the ultraviolet, through absorption or emission of the fourth positive system (A 1 Π−X 1 Σ + ) [6, 7] . In addition, the CO molecule is of interest from a molecular physics perspective, since its spectrum exhibits a wealth of perturbations arising from spin-orbit and centrifugal effects, as well as Rydberg-valence mixing [8] [9] [10] .
Perturbations affecting the A 1 Π state were extensively investigated by Simmons and Tilford [11] and analyzed in the benchmark study of Field et al. [12, 13] and studied many times thereafter in its dominant isotopologue 12 C 16 O and minor variants (e.g., [14] [15] [16] [17] ). Recently the spectrum of A 1 Π−X 1 Σ + in 12 C 16 O was reinvestigated by Doppler-free laser methods [18] and vacuum-ultraviolet Fourier-transform (VUV-FT) spectroscopy [19, 20] , both at high resolution. The A 1 Π−X 1 Σ + system of the 13 C 16 O isotopologue was investigated in detail by Haridass and Huber [14] , after the observation of unresolved band heads by Tilford and Simmons [9] . Recently, a high-resolution study of the A 1 Π−X 1 Σ + (v ′ ,0) bands for v ′ = 0 − 9 was reported, based on measurements with the VUV-FT instrument at the SOLEIL synchrotron [21] . Further observations of A 1 Π(v) levels for this isotopologue were made in visible emission via the B 1 Σ + −A 1 ΠÅngström bands by the Rzeszów group [17, 22, 23] , while the B 1 Σ + −X 1 Σ + system was investigated by two groups with improved accuracy [24, 25] . Higher lying states for the 13 C 16 O isotopologue have also been investigated [26, 27] , while the level structure of the X 1 Σ + ground state is known to great precision [28] .
The present study aims to re-investigate the spectroscopic structure of the v = 0 vibrational level of the A 1 Π state for the 13 C 16 O isotopologue with the highestpossible accuracy. For this purpose, high resolution Doppler-free laser measurements of the A 1 Π−X 1 Σ + (0, 0) band are combined with VUV-FT measurements under various temperature conditions that permit access to higher rotational levels, as well as with high-resolution visible Fourier-transform (VIS-FT) emission spectra obtained from a discharge. These data are combined in a comprehensive deperturbation analysis with the purpose of quantitatively describing the A 1 Π (0) level and various vibronic states with which it interacts.
Experiments
Independent high-resolution studies of the A 1 Π−X 1 Σ + (0, 0) band of 13 C 16 O were performed by laser and VUV-FT spectroscopy, while the B 1 Σ + −A 1 Π(0, 0) emission band was investigated with VIS-FT spectroscopy from a discharge. The methods used and the results obtained in the three different experiments are described below. Figure 1 shows a typical spectrum of the S(0) transition of A 1 Π−X 1 Σ + (0, 0) band of 13 C 16 O obtained in the laser experiment. Here, a narrow-band pulsed dye amplifier (PDA) laser system is used [29] , seeded by the output of a cw ring dye laser which is optimized for operation at 618 nm, and pumped by a Nd:YAG laser with a repetition rate of 10 Hz. The pulsed output of the PDA is frequency doubled and then employed in a two photon experiment with counter-propagating laser beams aligned in the geometry of a Sagnac interferometer [30] to avoid a residual Doppler shift. The laser beams crossed the 99% 13 C-enriched CO molecular beam, perpendicularly. A second pulsed laser at 207 nm, based on a frequency-tripled dye laser, delayed by around 10 ns from the probe laser to minimize the AC-Stark effects, is employed for ionizing the A 1 Π excited state population. This method of 2 + 1 ′ resonant-enhanced multiphoton ionization (REMPI) yielded better results, than one-color 2 + 2 REMPI measurements, in terms of signal-to-noise ratio and suppression of the AC-Stark effect.
Laser experiments
In order to reduce the AC-Stark effect induced by the probe laser, the resonant CO lines were measured for different laser intensities and their transition frequencies extrapolated to a zero-intensity AC-Stark-free frequency. An example of such an extrapolation, for the S(0) line, is included in Fig. 2 . Using part of the cw-seed radiation, an etalon spectrum and a saturated iodine spectrum are recorded simultaneously with the 13 C 16 O two-photon spectrum to interpolate and linearize the [31, 32] . The upper scale represents the fundamental wave number of the cw-seed laser, and the lower scale the two-photon excitation energy.
scan and to calibrate the absolute frequency of the resonances, respectively. The frequency chirp between the PDA output and cw seed laser is measured on-line, yielding an average chirp offset that is included in the frequency calibration. For further details on the two-photon Doppler-free laser experiments on CO we refer to previous publications [18, 19] . The sources of transition-frequency uncertainty in the laser experiment were investigated. The statistical uncertainty was estimated from multiple measurements of the observed lines to be 30 MHz. The frequency chirp of the fundamental radiation was measured to be −11 ± 2 MHz, leading to a −44 MHz correction to the measured A 1 Π−X 1 Σ + frequencies with a residual uncertainty of 8 MHz. The uncertainty of the AC-Stark-shift extrapolation is 30 MHz. Other sources of uncertainty, such as line-fitting, I 2 calibration, etalon calibration, DC-Stark shift and residual Doppler shift, make much smaller contributions and can be ignored. The overall uncertainty (1σ) of the two-photon resonant frequencies of 13 C 16 O is then conservatively estimated to be 0.002 cm −1 .
The transition frequencies of six 13 C 16 O lines were measured, calibrated, and corrected for chirp and AC-Stark effects, with final values listed in Table 1 .
VUV-FT synchrotron experiments
The A 1 Π−X 1 Σ + (0, 0) single-photon absorption band of 13 C 16 O was measured using the VUV Fourier-transform spectrometer at the SOLEIL synchrotron. The operation of this device and its use for molecular spectroscopy have been well described [20, 33] . All measurements were performed under steady-state gas con- ditions, whereby gas is continuously introduced to the interaction region and flows out of a windowless cell. Recordings were made with the cell cooled to nearly liquidnitrogen temperature (yielding an effective gas temperature of 90 K), at room temperature (295 K), and in a specially-designed high-temperature cell (900 K) [34] . The VUV-FT measurements were performed using 99% enriched samples of 13 C 16 O gas. The sampling rate and maximum path difference of the FT spectrometer was set to provide resolutions of 0.075, 0.075, and 0.27 cm −1 FWHM for the 90, 295, and 900 K measurements, respectively. The respective Doppler broadening of these measurements are 0.08, 0.14, and 0.25 cm −1 FWHM. Further experimental and analytical details of the VUV-FT spectra are provided in Refs. [18] [19] [20] .
Overview spectra of the A 1 Π−X 1 Σ + (0, 0) band, recorded at the three different temperatures, are displayed in Fig. 3 , covering 64 000 − 64 800 cm −1 . These spectra enable good line-position determinations for transitions from different ranges of ground state J ′′ . The lowest J ′′ states are populated at 90 K and lead to transitions with the narrowest Doppler widths, resulting in the least-congested spectra (i.e., in Fig. 3(a) ), thus facilitating straightforward line assignment. Analysing the 90 K spectrum first aided the assignment of higher temperature spectra in Fig. 3 and (c). Intermediate J ′′ levels have higher populations at 295 K and also provide a cross-check for low J ′′ lines. The 900 K spectrum presented in Fig. 3 (c) was measured at about 60 times higher column density than the room temperature spectrum, with the goal of obtaining as much information as possible on the highest rotational quantum states, in which case transitions from the low J ′′ were saturated. Ultimately, the rotational progression of A 1 Π−X 1 Σ + (0, 0) could be followed to 64 000 cm −1 and for transition with J ′ as high as 46, whereupon a severe overlap with the A 1 Π−X 1 Σ + (1, 1) band sets in. Figure 4 shows details of VUV-FT spectra in the bandhead region and demonstrates the complementarity of spectra recorded under different temperature and saturation conditions. Also appearing are forbidden transitions to the e 3 Σ − (4) level due to intensity borrowing from the A 1 Π−X 1 Σ + (0, 0) band. The mutual perturbation of e 3 Σ − (4) and A 1 Π(0) also leads to rotational line structure discontinuities as, for instance, the perturbation of R(6) and R(7) lines in Fig. 4 . Further lines appear from the forbidden d 3 ∆−X 1 Σ + (4, 0) band in our spectra.
The frequency calibration of Fourier-transform spectra is inherently linear and requires only a single absolute standard. Here, the absolute calibration was made by reference to the results presented in Table 2 while accounting for the different A 1 Π Λ-doubling components accessed by one-and two-photon transitions, leading to an absolute calibration uncertainty of VUV-FT of 0.01 cm −1 . The frequencies of strongly absorbed, unsaturated, and unblended A 1 Π−X 1 Σ + transitions were determined with a 1σ random uncertainty of 0.01 cm −1 and with somewhat greater uncertainties for weak and blended lines and those measured at 900 K temperature, leading to total frequency uncertainties that vary between 0.01 and 0.03 cm −1 .
Transition vacuum wave numbers resulting from the combined analysis of all three A 1 Π−X 1 Σ + (0, 0) spectra are presented in Table 2 and vacuum wave numbers of the perturber lines are listed in Table 3 .
VIS-FT spectroscopy
The B 1 Σ + −A 1 Π(0, 0) band was measured in the emission from a water-cooled hollow-cathode discharge lamp with two anodes that has been used and described in recent years for a number of investigations of the visible spectra of theÅngström [36] and Herzberg bands [37] for CO isotopologues. The discharge lamp undergoes a preparation phase depositing either 12 C or 13 C atomic isotopes onto the electrodes after which the oxygen containing isotope of choice is then introduced and a DC-plasma formed by applying a potential (650 V) onto the anodes. In the discharge, specific isotopologues of CO are formed and maintained at a certain density and temperature (600−700 K) for several hours, emitting visible radiation to be investigated by spectroscopic means. The spectroscopic system, previously composed of an Ebert plane-grating spectrograph combined with a laterally scanned photo-multiplier tube, was upgraded for the present investigation with a Bruker-IFS 125 HR Fourier-transform spectrometer recording inteferograms in the double-sided acquisition mode. The CO discharge light source was focused on the entrance aperture of the FTS by a planoconvex quartz lens. The photomultiplier tube operated in integration pulse mode was used as an internal detector covering the 11 000-25 000 cm −1 spectral region. The instrumental resolution limit was set at 0.018 cm −1 . Higher resolution was not necessary, as the Doppler-dominated linewidth (FWHM) of the CO lines was about 0.06 cm −1 . A total of 126 scans were co-added and the spectrum has a good signal-to noise ratio of 120:1. The FTS was operated under vacuum conditions. The new VIS-FT setup allowed for a two-times improvement in the width of measured lines (0.08 cm −1 FWHM) as well as a better signal-to-noise ratio relative to the old grating spectrograph. Previously our CO spectra were contaminated with a dense and intense coverage of Th frequency-calibration lines. This is no longer necessary given the intrinsically linear frequency scale of the Fourier-transform spectrometer and much cleaner spectra can be obtained. A detailed description of the improved setup will be the subject of a future publication.
In Fig. 5 [38, 39] included in the OPUS TM software package [40] . An absolute calibration of the wavenumber scale accurate to within 0.003 cm −1 was made with reference to the first harmonic of a frequency-stabilized He-Ne laser. This laser monitors the FTS optical path difference and is stable over 1 h of operation within a fractional variation of ±2 × 10 −9 .
The frequencies of strong and unblended transitions were determined with a 1σ random uncertainty of 0.002 cm −1 , and weak and blended lines with somewhat greater uncertainty. The absolute accuracy of the frequency measurements then varies between 0.003 and 0.03 cm −1 for the strongest and weakest/blended lines, respectively.
Transition frequencies for the B 1 Σ + −A 1 Π(0, 0) band of 13 C 16 O are listed in Table 2 , and frequencies of the perturber lines are listed in Table 3 . 
Level energies
The laser and VUV-FT transition frequencies were converted to A 1 Π (0), e 3 Σ − (1) and d 3 ∆ (4) level energies using accurate level energies for the ground state [28] . The combination of A 1 Π (0) level energies and B 1 Σ + −A 1 Π(0, 0) emission line frequencies also permitted the determination of B 1 Σ + (0) level energies. As a verification of our various frequency calibrations we compared the deduced B 1 Σ + (0) energy levels to those calculated from an unpublished B 1 Σ + −X 1 Σ + (0, 0) photoabsorption spectrum also recorded at SOLEIL [41] . Comparing level energies determined from B→A and A←X spectra against this direct B←X measurement we find agreement within 0.01 cm −1 , which is the estimated uncertainty of our wavenumber calibra- Table 4 and represent weighted averages of the different experiments. The low-J values are taken from the more accurate laser data.
The parallel ladders of e-and f -parity J-levels of A 1 Π(0) are nondegenerate because of the influence of perturbing Σ states. The laser-measured S and Qbranch lines provide information on e-parity A 1 Π (0) levels, while the P and R branches provide information on the f -parity components. Whereas, under the selection rules of one-photon absorption and emission, R and P -branch lines probe e-parity levels, and the Q-branch lines probes f -parity components. The e 3 Σ − (1) and d 3 ∆ (4) levels are split into F 1 , F 2 , and F 3 ; and e-and f -parity levels, not all of which were accessed in our experiments.
Perturbation analysis
The early analyses of Field et al. [46] showed that the A 1 Π state of CO is perturbed by a multitude of vibrational levels pertaining to different electronic states, including d 3 ∆, e 3 Σ − , a ′3 Σ + , D 1 ∆, and I 1 Σ − . Higher resolution and signal-to-noise spectra provide the opportunity to improve upon the original perturbation analyses, as was shown in recent studies for the main 12 C 16 O isotopologue [19, 20] and for the 12 C 17 O isotopologue [36] . Specifically, for the A 1 Π (0) level of 13 C 16 O, a perturbation analysis was previously performed from observations of the A 1 Π−X 1 Σ + system by Haridass and Huber [14] and by Gavilan et al. [21] , while Kȩpa et al. [22] investigated the perturbation in A 1 Π (0) by analyzing the B 1 Σ + −A 1 Π emission system. In these studies, the following perturber states for A 1 Π (0) state were identified: e 3 Σ − (1), d 3 ∆ (4), and a ′3 Σ + (9). The d 3 ∆ (4) state of 13 C 16 O was also detected in a separate experiment performed at higher column density [45] . A similar methodology as in previous works [19, 20] is used in the present analysis of the perturbations affecting the A 1 Π (0) state of 13 C 16 O. Using the Pgopher software [47] , we simulate all measured transition frequencies with the same effective Hamiltonian model previously adopted in Ref. [19] . The molecular constants in this model were initialised by isotope-scaling the values deduced by Le Floch [42] for 12 C 16 O, and then optimised to best fit the experimental data. A final fit was obtained after observing the correlated effect of pairs of molecular constants, and relied on a total of 17 independent molecular constants fitted to 397 transition frequencies.
The transition frequencies obtained from VUV-FT spectra for levels up to J ′ = 46 of the A 1 Π−X 1 Σ + (0, 0) band and perturber states are used in this analysis, as well as the frequencies from VIS-FT spectra of the B 1 Σ + −A 1 Π (0, 0) band. The greatest-accuracy transition frequencies from the laser experiment for low−J of A 1 Π−X 1 Σ + (0, 0) transitions are preferentially used where possible. To perform a comprehensive perturbation analysis, we also use d 3 ∆−X 1 Σ + (4, 0) frequencies from previous work [45] . In addition, to integrate the various data into our analysis, we weighted their experiment-model residual difference according to the inverse of their respective uncertainties. The unweighted root-mean-square of residuals from 
Constant
A b Constants for e 3 Σ − , d 3 ∆, and a ′3 Σ + were obtained by isotopic scaling [36, 42] values taken from Ref. [12] , apart from H which is rescaled from Ref. [43] . All D 1 ∆ constants were rescaled from Ref. [44] , apart from H from Ref. [43] . Equilibrium energies for the d 3 ∆ and e 3 Σ − states were taken from Refs. [45] and [9] , respectively.
c Estimated on the basis of the isotopologue-independent purely electronic perturbation parameters of Refs. [13, 43, 46] . the final fit is 0.06 cm −1 , and is dominated by uncertainties of the lines taken from the least-accurate source, Ref [45] . The root-mean-square of weighted residuals was 1.2 and sufficiently close to 1 to indicate a satisfactory fit of the model and experiment as a whole. The final set of deperturbed molecular constants obtained from the fit are listed in Table 5 , where their definitions are the same as in Ref. [19] . The spin-orbit interaction parameters between A 1 Π (0) and triplet perturber levels are denoted by η, and the L-uncoupling interaction between A 1 Π (0) state and singlet perturbers by ξ. Constants with listed uncertainties were fitted parameters while all others were taken from sources indicated in the table footnotes (usually equilibrium constants found by studying other CO isotopologues) and fixed during the fitting procedure. We included e 3 Σ − (v = 0, 2), d 3 ∆ (3) and a ′3 Σ + (8) among our deperturbed levels, even though they have no crossings with A 1 Π (0) within our observed J-range. Their perturbative effects are expected to be significant but could not be independently estimated because of strong correlations with the A 1 Π (0) band origin parameter, T v . Their interaction energies were then deduced from isotopeindependent perturbation parameters originally based on experimental work in other isotopologues [36, 43] and adapted to interacting levels in our 13 C 16 O model by calculating the relevant isotope-dependent vibrational-overlap factors, as described in Hakalla et al. [36] .
Perturbation with the I 1 Σ − (0) state was also investigated in the analysis. However, no effect on the model-experiment residuals could be determined for any reasonable L-uncoupling interaction between I 1 Σ − (0) and A 1 Π (0), despite its strong J-dependence. Because our spectra only provide data up to J = 46, the effect of the A 1 Π (0) sextic centrifugal distortion parameter, H, is at or below our measurement sensitivity and was fixed to the isotopically recalculated value from Le Floch [43] in our final fit.
Conclusion
New spectroscopic data on the A 1 Π (0) level in 13 Combining the new information with literature data on 13 C 16 O and other CO isotopologues allowed for a deperturbation of this complex of interacting levels and the fitting of model energy levels to all experimental data within their uncertainties. This required fitting 17 independent adjustable parameters. These newly-deduced parameters comprise the molecular constants governing the A 1 Π (0), e 3 Σ − (1), and d 3 ∆ (4) levels, as well as the spin-orbit and L-uncoupling parameters connecting e 3 Σ − (1), d 3 ∆ (4), D 1 ∆ (0) and a ′ 3 Σ + (9) with A 1 Π (0). This data is part of an ongoing study of A 1 Π levels and their perturbations in multiple CO isotopologues. It is our goal to establish isotope-independent (electronic) perturbation parameters to describe the A 1 Π of CO for all isotopologues, based on values derived in the present study for 13 
